Previously, we reported that starvation ofRelEscherichia coli for methionine, but not leucine or histidine, results in chromatographically unique species of aspartyl-specific transfer ribonucleic acid (tRNAASP) lacking the modified nucleoside Q. The present studies demonstrate that methionine starvation of Rel+ E. coli yields a qualitatively similar, but less pronounced, effect. Furthermore, during recovery from methionine starvation in Rel E. coli, the chromatographic elution pattern of tRNAASP shifts towards that observed for unstarved cells after 1 h of recovery, and the shift appears complete after 2 h of recovery. This shift is inhibited by rifampin. Incorporation of [2-14C]methionine or [methyl-3H]methionine into growing cells ofE. coli does not result in labeling of nucleoside Q. We interpret these findings to indicate that methionine has an indirect role in Q formation and that Q-deficient tRNA can be modified slowly to contain Q but that transcription is required. The chromatographic elution patterns of tRNAAP from Rel E. coli starved for arginine, lysine, or glutamic acid indicate that these amino acids are not the source of the three-or five-carbon sequence in the modified portion of Q.
Nucleoside Q (Fig. 1 ), a hypermodified derivative of guanosine, is found in the first position of the anticodons ofEscherichia coli transfer ribonucleic acid (tRNA) specific for the amino acids tyrosine, histidine, asparagine, and aspartic acid (tRNA Yr, tRNAHi tRNAAsn, and tRNA8P) (3) . Part of the mechanism by which guanosine is modified to Q has been determined (removal of the C8 and N7 atoms of guanosine [11] ), but the remainder of the biosynthetic route for Q is not known. Previously, we found that methionine starvation of relaxedcontrol (Rel) E. coli results in unique species of tRNAASP lacking nucleoside Q (8) . In the present study we have investigated further the role of methionine, as well as the possible involvement of other amino acids, in Q synthesis.
MATERIALS AND METHODS Bacteria and culture conditions. All bacterial strains are derivatives ofE. coli K-12. Strain RM628 (Thi His Thr Leu metBi rif-1 Rel) was derived from strain CP79 (8) . Strain MS759 (Thi His Thr Leu metBI rif-1 Rel argAl) was derived from strain RM628 and strain Ma220 (W. K. Maas) by bacteriophage Plkc-mediated transduction. Strain RM597 (trpR2 tna-2 metBI rif-1) was derived in this laboratory from strain W3110. Strains K1-1-4 (Hfr pps-l gltA9 metBI thyA56 rel-1 tsx-82) and AT2453 (thi-1 lysA22 rel-1) were provided by B. Bachmann (CGSC 5363 and 4505, respectively). Strain W6 (Ft metBI rel-1) was provided by A. Davis. Cultures were grown to mid-logarithmic phase (2.5 x 106 cells/ml) at 370C with vigorous aeration in minimal-salts medium E (16) supplemented with 0.4% glucose, 1 ,ug of thiamine per ml, and other nutrients as required (50 ,ug of L-methionine, L-leucine, L-threonine, L-arginine, L-glutamic acid, and L-lysine per ml; 40 ug of L-histidine per ml; 20 ,±g of thymine per ml). Amino acid starvation was performed at 370C after centrifugation (8) . Strain RM628 was used for ['4C]methionine incorporation. A 250-ml culture was incubated 7 h at 37°C in medium containing 5.2 j.g of DL-[2-14C]methionine (0.2 ,MCi/ml, 5.8 Ci/mol) per ml in place of nonradioactive L-methionine; during incubation the cell density increased from 2.5 x 107 to 4 x 108 cells/ml (four generations), and tRNA was isolated.
Preparation, aminoacylation, and reversedphase chromatography of tRNA. tRNA was isolated from cells by suspension in 10 volumes of buffer [10 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.5), 0.15 M NaCl, 10 mM 2-mercaptoethanol, 1 mM ethylenediaminetetraacetate], phenol extraction, and diethylaminoethyl-cellulose chromatography as described previously (7), except that the aqueous phase resulting from the phenol extraction was placed directly onto a diethylaminoethyl-cellulose column, omitting an ethanol precipitation step and a 1 M NaCl precipitation step. (4) .
RESULTS
Methionine starvation of Rel+ E. coli. To determine whether methionine starvation alters the nucleoside Q content of existing tRNA molecules or prevents the formation of Q in newly synthesized molecules, the chromatographic elution profiles of Asp-tRNA from methionine-starved and unstarved cultures of a Relt strain of E. coli were compared as described previously for Rel strains ofE. coli (8) . The data summarized in Table 1 show that methionine starvation of a Rel+ as compared with a Rel strain (see Fig. 2 and reference 8) causes a qualitatively similar but smaller shift c Percent values were determined by dividing the radioactivity present in each peak by the total radioactivity recovered from each chromatographic run. Peaks 5, 7, 8, 10 , and the 1.5 M NaCl-eluted material contained 2% or iess of the radioactivity under both conditions. Table 2 for procedural details.) 3H-labeled AsptRNA (methionine starved for 4 h); "4C-labeled AsptRNA (methionine starved for 4 h, followed by methionine readditiort for 1 h). Peak Fate of nucleoside Q-negative tRNA upon recovery from methionine starvation. Ifthe Qnegative Asp-tRNA peaks 3 and 4 (see Fig. 2 ), which arise as a result of methionine starvation of Rel E. coli (8) , are undermodified precursors of peaks 1 and 2, restoration of methionine to a methionine-starved culture of Rel E. coli should result in a decrease of material eluting in peaks 3 av 4 and an increase in material eluting in peakcs 1 and 2. In cells allowed to recover from methionine starvation for 1 h, the distribution of isoaccepting species shifted toward that observed for Asp-tRNA from unstarved cells (Fig. 2) , and, after 2 h, the distribution was very similar to that observed for unstarved cells (Table 2 ). Since the cell mass had increased only about twofold during the 2-h recovery period, we conclude that at least some portion of the Q-containing tRNAAsP species Cultures of strain W6 were methionine starved for 4 h, followed by the addition of 50 ,ug of L-methionine per ml with and without 200 ,tg of rifampin per ml. At the times indicated, cultures were harvested and used to prepare tRNA, which was acylated with either [3H]-or [14C]aspartic acid and subjected to chromatographic fractionation. The data for "methionine starved" and "starved + methionine, 1 h" are presented in Fig. 2 . Representative data for strain RM628 (unstarved) are included here for comparison. See text for procedural details.
b Peak number designations correspond to those in Fig. 2 .
c Percent values were determined by dividing the radioactivity present in each peak by the total radioactivity recovered from each chromatographic run. Peaks 5, 7, 8, and the 1.5 M NaCI-eluted material contained 2% or less of the radioactivity under both conditions. was derived from Q-negative species. However, when the cells were cultured under the same conditions except for the presence of an inhibitory concentration of rifampin to block new RNA synthesis, the shift in distribution was not observed (Table 2 ). These data show that new transcription is necessary for conversion of Q-negative to Q-containing tRNAASI). We suggest that the conversion is a slow process, that it requires synthesis of an enzyme(s), and that this enzyme(s) is not stable during methionine starvation.
Attempt to label nucleoside Q in vivo with [2-'4C]methionine. To determine if methionine is serving as a precursor for part of the Q carbon skeleton, tRNA was isolated from E. coli strain RM628 grown in the presence of [2-14C]methionine (final yield: 7.9 absorbancy units at 260 nm, 5,200 dpm). The labeled tRNA preparation was mixed with unlabeled E. coli tRNA before base hydrolysis, and Qp was isolated from the hydrolysates by ion-exchange and two-dimensional thin-layer chromatography (see Materials and Methods). When the developed thin-layer chromatogram was viewed with ultraviolet light, the only spot visible corresponded to the position of Qp (from the unlabeled carrier tRNA). The developed chromatogram was subjected to autoradiography (Kodak No-Screen Medical X-Ray Film for 7 days). No exposure ofthe film due to radioactivity was found in the Qp position on the plate, despite the fact that the exposure time would have allowed detection of about 200 dpm.
The only tRNA nucleoside known to be labeled by the C2 of methionine, 3-(3-amino-3-carboxypropyl)uridine (12) , is present to the extent of 0.14 mol% of total E. coli tRNA nucleoside (2) , and Q is present to the extent of about 0.08% of total E. coli tRNA nucleoside (4) . If a portion of Q were derived from the C2 of methionine, approximately 1,900 of the 5, 200 dpm in the starting material should have been derived from Q. We assume that only 3-(3-amino-3-carboxypropyl)uridine was labeled by [2-14C] methionine in this experiment, though the extent of radioactivity in this nucleoside was not determined. We conclude that Q is not labeled by the C2 of methionine. Furthermore, in that [methyl-3H]methionine is not incorporated into E. coli Q (1), methionine is unlikely to donate any moiety to the Q carbon skeleton (see Discussion).
Effect of methionine or leucine starvation on tRNAASn from Rel E. coli. The preceding data indicate that methionine has an indirect role in Q biosynthesis. Therefore, we considered the possibility that methionine may be required for a modification at another site on the tRNA molecule and that this modification must precede the synthesis of Q. Comparison of the known structures of Q-containing E. coli tRNA species (3) indicates that each contains a modified adenosine adjacent to the 3'-hydroxyl end of the anticodon (and three nucleotides removed from Q) but that only tRNAASn lacks a methyl group (or any moiety derived from methionine) in that position. tRNAASP and tRNAHIS contain 2-methyladenosine, tRNAT,.r contains 2-methylthio-N6-(A2-isopentenyl)-adenosine, and tRNA'An contains N-(purin-6-ylcarbamoyl)-L-threonine riboside (3). Furthermore, N-(purin-6-ylcarbamoyl)-L-threonine riboside is synthesized during methionine starvation of Rel E. coli (14) , so that only tRNAASn (of the Q-containing tRNA's) should contain a completely modified adenosine adjacent to the anticodon in methionine-starved Rel E. coli.
We have examined the chromatographic elution profiles of Asn-tRNA from unstarved, methionine-starved, and leucine-starved cells of strain RM628. The results (Fig. 3A) indicate the presence of two novel later-eluting AsntRNA species (peaks 4 and 5) from the methionine-starved cells but not from the unstarved or leucine-starved cells (data not shown). In addition, CNBr treatment effects a large shift, characteristic of Q-containing tRNA species (8) , in the elution positions of all of the Asn-tRNA from the unstarved cells (Fig. 3B ), but not from Asn-tRNA peaks 4 and 5 from the methioninestarved cells (Fig. 3C) . In that CNBr-effected later elution upon RPC-5 separation should be specific for tRNA's that contain primary or secondary aliphatic amines in their structures (8, 15) , and the only such group inE. coli tRNAASn is Q (13), these data indicate that Asn-tRNA peaks 4 and 5 from methionine-starved cells are Q-negative. We conclude that the methionine dependence of Q synthesis is not related to the modification state of the adenosine adjacent to the anticodon.
Effect of arginine, lysine, or glutamic acid starvation on nucleoside Q synthesis. The structure of nucleoside Q (Fig. 1) suggests that an amino acid containing five carbon atoms could be a precursor of Q. Therefore, the chromatographic elution profiles of Asp-tRNA prepared from Rel E. coli strains MS759, AT2453, and Kl-1-4, unstarved or starved for arginine, lysine, or glutamic acid, respectively, were compared. The results (data not shown) indicate that these starvation conditions do not result in the formation of Q-negative species of tRNAASP, i.e., peaks 3 and 4 of Fig. 2 . We conclude that these amino acids are not required for synthesis of nucleoside Q. When Rel E. coli is allowed to recover from methionine starvation (Table 2) , by 1 h the tRNAASI) RPC-5 pattern shifts significantly toward that observed in unstarved cells, by 2 h this shift is nearly complete, and rifampin eliminates the shift at both times. Thus, the Qnegative tRNA appears to retain the capacity to become normally modified once methionine is restored to the medium, but transcription is required. This also is consistent with a shortlived enzyme involved in Q synthesis. It is unlikely that only newly synthesized tRNA serves as a substrate for Q formation, since during recovery from methionine starvation in the absence of rifampin almost all Q-deficient tRNAASi) was converted to Q-containing tRNAASI) (Table 2 ). Undermodified forms of phenylalanine-and leucine-specific tRNA's, which accumulate in leucine-starved Rel E. coli, also appear to be converted to normally modified forms upon restoration of leucine (9) , although the process is slower and less complete than the one described here. It is noteworthy that the various peak distributions of tRNAAS) presented in Tables 1 and 2 , as well as in reference 8, suggest that peak 1 is a fully modified species derived from peaks 2 to 5 and that peak 6 is a second fully modified species derived from peaks 7 to 10. Whether these data arise from alternative maturation pathways from one tRNAAP gene or two different tRNAsP genes remains to be determined.
